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Abstract: The development of methods to prevent H N  infection is 
critical to curbing the rising epidemic. Topical microbicides represent 
a potential new strategy for reduction of HIV transmission. The pur- 
pose of this article is to update and expand upon the nonclinical rec- 
ommendations of a previously published document on the develop- 
ment of microbicides prepared by the International Working Group 
on Microbicides. The nonclinical studies discussed here represent 
general concepts and regulatory considerations that are pertinent to 
the development of topical microbicides for prevention or reduction 
of HIV transmission. Essential early steps in product development 
include the determination of antiviral activity, cytotoxicity, mecha- 
nism of action, pathways to resistance, and cross-resistance to ap- 
proved drugs. Other parameters to consider include activity against 
vaginal microflora and pathogens that cause sexually transmitted dis- 
eases. Before and during clinical trials, nonclinical data on toxicology 
and pharmacokinetics should be obtained. Finally, product quality 
issues, including microbicide formulation characteristics, interaction 
with other products, and stability, should be addressed. 
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-r' e incidence of HIV infection is increasing among women 
world~ide.'.~ Although barrier methods such as the con- 

dom may block HIV transmission when used appropriately, 
there is a need for female-controlled methods to prevent infec- 
tion. Topical microbicides (ie, vaginal or rectal products that 
interfere with HIV infection) may be a means by which women 
can protect themselves. As such, topical microbicide develop- 
ment constitutes one of the cornerstones of the prevention sci- 
ence agenda for HIV 

Both nonclinical and clinical developments of microbi- 
cides present unique challenges. In an effort to facilitate their 
development, the International Working Group on Microbi- 
cides (IWGM) published recommendations regarding the de- 
sign of both nonclinical and clinical testing regimens for these 
products.5 The IWGM is an unofficial group consisting of rep- 
resentatives from diverse governmental and nongovernmental 
agencies and organizations who work in the area of microbi- 
cide development. The purpose of the group is to facilitate the 
development, production, and distribution of safe, effective, 
and affordable microbicides to prevent or reduce the sexual 
transmission of HIV and other sexually transmitted infections 
(STIs). The re corn mend at ion^,^ originally published in 1996, 
addressed both clinical and nonclinical development pro- 
cesses. With the rapid advances made in the laboratory sci- 
ences and the increased complexity of clinical trial design is- 
sues, the group decided to issue separate documents. An up- 
dated version of the recommendations pertaining to the clinical 
development phase was published in 2001 .6 The present article 
summarizes the recommendations of the group regarding the 
nonclinical development process for microbicides to prevent 
vaginal transmission of HIV. 

The nonclinical development of a potential microbicide 
encompasses studies in several areas, which include microbi- 
ology, pharmacology/toxicology, and chemistry, manufactur- 
ing, and controls (CMC). The main purpose of these studies is 
to ensure that the estimated risklbenefit profile of a novel phar- 
maceutical is reasonable for the proposed indication before it is 
introduced into humans in clinical trials. Data from in vitro and 
animal model studies should provide some evidence of bio- 
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logical plausibility (ie, an indication that the candidate product 
has a type and level of activity that could be expected to pro- 
vide some protection against HIV infection in vivo under the 
proposed conditions for use). These studies can also indicate 
whether a microbicide has any effects on the endogenous mi- 
croflora in the female genital tract, a property that could influ- 
ence its activity profile in vivo. The results of both in vitro and 
animal pharmacokinetic and toxicological studies provide data 
on the margin of safety of the drug as well as potential toxico- 
logical signals that need to be monitored in the clinical trials. 
The goal of CMC studies for any pharmaceutical is to ensure 
the identity, purity, quality, and strength of both the drug sub- 
stance (active pharmaceutical ingredient) and the drug prod- 
uct. There are also issues specific to the development of the 
topical microbicide formulation that may require special atten- 
tion (eg, additional testing and controls). 

During clinical development, nonclinical studies can 
serve as a signal generator and can complement areas of safety 
and activity that cannot be studied in humans. For example, it 
is unethical to study the effects of a drug on the developing 
human fetus and impractical to study the carcinogenic poten- 
tial of a drug in humans, both of which can be studied in ani- 
mals. 

Designs of many recommended studies listed below 
have been described in documents published by the Interna- 
tional Conference on Harmonization (ICH) with the United 
States, Europe, and Japan being the major participants. There- 
fore, they represent internationally recognized guidance for 
product deveIopment. Whenever possible, examples of poten- 
tially useful assay systems and animal models published in re- 
centIy peer-reviewed journaIs are referenced. These references 

FIGURE 1. Potential sites at which a micro- 
bicide might act to prevent or reduce pen- 
etration and/or infection. A topical microbi- 
cide candidate may operate by establishing 
a physical barrier to block HIV and infected 
cells from entering into the body by main- 
taining normal vaginal pH and/or micro- 
flora that are inhibitory to infection or by 
acting against other ST1 pathogens that are 
cofactors for HIV infection. It can also be a 
detergent or have a detergent-like propem/ 
to disrupt viral particles or contain an active 
ingredient specifically designed to inhibit vi- 
ral uptake by dendritic cells (anti DC-SIGN 
[dendritic cell-specific intercellular adhe- 
sion molecule grabbing nonintegrin]), fu- 
sion of the target cell and viral membranes 
(eg, polyanions and coreceptor antago- 
nists), or reverse transcription to prevent or 
reduce HIV transmission. A candidate mi- 
crobicide may also act by more than one of 
the proposed mechanisms of action. 
(Adapted with permission from Dr. Robin 
Shattock.) 

Physical barrier 
and lubricants 

are intended to provide the reader with additional sources of 
information on product development options and relevant as- 
say systems. The proceedings of the first international meeting 
on microbicides, Microbicides 2000,~ may also be helpful. Ad- 
ditional examples of relevant assay methods and study designs 
may be available from the literature pertaining to nonclinical 
evaluation of new HIV therapeutics8 and  vaccine^,^ where 
peer-reviewed publications are more prevalent. Discussions 
with the appropriate regulatory agency early in the develop 
ment process are highly recommended. 

The recommendations discussed in this article represent 
a generalized scheme for the nonclinical development of topi- 
cal rnicrobicides to prevent or reduce vaginal transmission of 
HIV. The final development plan for a given product will fol- 
low this general outline but may be adjusted to address the 
specific characteristics of the product under development and 
its proposed indication for use. For example, there are many 
potential mechanistic approaches currently under consider- 
ation in microbicide development, as illustrated in Figure 1. 
They include maintenance of n o m l  vaginal pH andlor flora 
that are inhibitory to infection, establishment of a physical bar- 
rier to prevent infection, disruption of viral particles, and inhi- 
bition of attachment, fusion of the target cell and viral mem- 
branes, or reverse transcription. Although all products will be 
expected to have data demonstrating antiviral activity, the spe- 
cific types of nonclinical activity studies that are performed to 
hlIy evaluate a candidate product should reflect the proposed 
mechanism of action of that specific product. Some promising 
microbicide candidates may also have activity against a variety 
of other STIs in addition to HIV infection. Products under de- 
velopment for a more general ST1 prevention indication re- 
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quire specific activity studies directed at the other pathogens as 
well, expanding the scope of the nonclinical activity assess- 
ment. Finally, some products may be considered for both rectal 
and vaginal use. Additional nonclinical studies that are not 
specifically addressed here will be required to address the 
unique scientific and regulatory challenges associated with the 
development of rectal use products. 

EVALUATION OF ANTIMICROBIAL ACTIVITY 

Cell-Based Assays 
The nonclinical evaluation of antiviral activity using 

cell-based assays is an essential part of the development pro- 
cess for a potential microbicide. In vitro cell-based assays are 
routinely conducted with the active pharmaceutical ingredi- 
ent(~), either alone or in combination with other potentially 
active agents. The primary goal of this assessment is to define 
the full range of antiviral activity of the candidate drug sub- 
stance and to obtain preliminary information on antiviral ac- 
tivity under different c~nditions.'~." These data, which are 
typically derived from a combination of in vitro model sys- 
tems, should support the rationale for clinical testing in hu- 
mans by providing clear evidence of a potentially beneficial 
effect at levels that can be achieved in vivo with minimal or, 
preferably, no toxicity. Nonclinical antiviral activity and cyto- 
toxicity data can also be used to guide the selection of an ap- 
propriate dose (or dose range) for early clinical trials and to 
support the process of formulation de~elopment . '~~ '~ 

Types of Assays 
The evaluation of microbicide antiviral activity is often a 

stepwise process that proceeds from basic in vitro screening 
tests to a more detailed analysis of product activity including 
doselresponse relationships, spectrum of activity, and mecha- 
nism of action. Screening programs typically employ a highly 
reproducible cell-based assay with an automated readout of 
viral replication to rapidly evaluate a large number of com- 
pounds for evidence of antiviral activity. In many cases, only a 
single virus or cell type at one infectious dose of a standard 
laboratory strain and 1 or 2 dilutions of the compound are 
tested. Even with this limited focus, the primary screening 
should include both cell-associated and cell-free Al- 
though there is no consensus on the types of viruses that should 
be used for large-scale screening purposes, tests of viruses that 
use the CXCR4 coreceptor and viruses that use the CCR5 co- 
receptor for entry are generally preferred. Viruses that are 
highly cytopathic cannot be readily incorporated into some ex- 
isting assays; therefore, care must be taken when selecting the 
virudcell combination for a screening test. It is important to 
note that most large-scale screening programs were estab- 
lished to identify potential therapeutic compounds directed 
against HIV. Although these programs can provide a useful 
source of candidate compounds for microbicide development, 
they tend to focus on agents that block intracellular replication 

steps and should be viewed as one component of a more com- 
prehensive screening and evaluation process. 

Although active compounds may be identified through 
the use of various screening tests, candidates for further devel- 
opment require a more thorough in vitro evaluation to charac- 
terize the compounds' activity profile and define their mecha- 
nism of a~tion.'"'~ An essential step in this process is the es- 
tablishment of the doselresponse relationship using a broad 
range of relevant cell types and virus isolates. In general, in 
vitro cell-based assays fall into four formats: (1) virus inacti- 
vation assays for both cell-free and cell-associated v i r u ~ ~ ~ - ~ ' ;  
(2) epithelium-based assays (ME- 180 cervical epithelial cells 
andor GHOST ~ 4 1 ~ 5  human osteosarcoma cells); (3) periph- 
eral blood mononuclear cell (PBMC) assays; and (4) binding 
and fusion assays. The types of assays used and the virudcell 
combinations that are tested may vary somewhat with the com- 
pound under study. However, for all compounds under consid- 
eration for clinical testing, doselresponse data should be ob- 
tained using primary human target cells and a wide range of 
clinical virus isolates as well as standard laboratory strains to 
provide adequate reference. Variables that should be ad- 
dressed in these assays include the effect of exposure to the 
product before and after infection, the impact of an increasing 
multiplicity of infection, activity against the different HIV 
type 1 (HIV- 1) clades, activity against clinical isolates derived 
from the lower reproductive tract, and the activity observed 
after pretreatment of virus versus pretreatment of cells. Excipi- 
ents used in the drug product should be tested for potential 
enhancement of infectivity. 

Primary human genital cell assays,22 studies conducted 
with continuous cell lines such as ME-180 cervical epithelial 
cells (a CD4- transformed cell line), and the newer ex vivo 
explant  model^^^-^' may provide useful supporting data but 
cannot be used in place of doselresponse curves in primary 
target cells.20 Data obtained using the ME-180 model is 
viewed as supplemental only, because the role of CD4- vaginal 
epithelial cells in the transmission of HIV in humans has not 
been established. Consequently, the practical value of activity 
data generated in this system is unknown. The model is also 
limited in that infection can only be accomplished with cell- 
associated virus. The explant model may provide a system that 
more closely reflects the vaginal environment. However, this 
type of culture system is relatively new; therefore, its potential 
utility and reproducibility in different hands and under differ- 
ent study conditions have not been fully explored. 

Defining a Therapeutic Index 
The nonclinical activity profile of the candidate com- 

pound should demonstrate that it is capable of interfering with 
the process of HIV infection over a range of concentrations 
that are not overtly cytotoxic. Antiviral activity usually results 
from disruption of the virus, blocking of viral attachment 
andor membrane fusion, or inhibition of some other step in the 
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virus life cycle such as reverse transcription or polyprotein 
processing (Fig. 1). However, many of these agents could also 
affect normal cell viability, which may limit virus replication 
but can also lead to unwanted cellular andlor systemic toxici- 
ties. To characterize both aspects of this doselresponse rela- 
tionship, compounds should be tested simultaneously for anti- 
viral activity and cytotoxicity over a wide range of drug and 
virudcell  concentration^.^^ The goal is to identify the lowest 
effective antiviral concentration and the highest achievable 
level that also exhibits an acceptable cytotoxicity profile (ie, 
little or no cytotoxicity in cell culture). This relationship can be 
defined as the therapeutic index and is derived from the ratio of 
the agent concentration that reduces cell viability by 50% and 
the concentration that reduces infectivity by 50%.'~ Presently, 
there is no consensus regarding the minimal level of antiviral 
activity that should be mediated by a potential HIV microbi- 
cide, but a clear distinction between antiviral and cytotoxic 
concentrations should be demonstrated. In some instances, the 
candidate microbicide may be cytotoxic (eg, low pH buffers), 
in which case the kinetics of inactivation of virus by the agent 
need to be determined to ascertain if the rate is consistent with 
the exposure times in actual use. 

Selection of Virus and Cell Types 
To optimize the value of an in vitro system for drug 

evaluation, a sensible approach would dictate that the system 
includes virus and cell types most likely to be involved in the 
infection event in vivo. Because the actual process by which 
HIV is transmitted through sexual contact has not been fully 
elucidated, it is necessary to test candidate compounds for an- 
tiviral activity using a variety of cell and virus cornbinations,2' 
focusing on cell types known to be targets for virus infection in 
vivo and the virus types believed to be the most likely to trans- 
mit infection. The potential for in vivo infection of T cells and 
macrophages has been well established; consequently, evalu- 
ation of the activity of candidate compounds using clinical vi- 
rus isolates in both PBMC and macrophage cultures (not solely 
established cell lines) is considered to be an essential compo- 
nent of the nonclinical development process for potential mi- 
crobicides. However, recent data suggest that dendritic cells 
may also serve as primary cell targets for infection in the 
course of sexual transmission.2498 Dendritic cells have been 
shown to capture and internalize HIV-1 through DC-SIGN 
(dendritic cell-specific intercellular adhesion molecule grab- 
bing nonintegrin, CD209) and possibly other cell surface re- 
ceptors and then transfer the infectious virus to susceptible 
CD4* T cells. As a result, an evaluation of candidate microbi- 
cides for activity in a primary dendritic cell model should also 
be considered, particularly for compounds that have the poten- 
tial to influence virus binding andlor entry processes. Finally, 
because the viruses that are transmitted will be associated with 
semen or vaginal secretions, testing of compounds in the pres- 
ence of these body fluids is criticaLZ9 

Resistance 
The emergence of resistance is a major impediment to 

the control of HIV transmission and long-term therapy. The 
major pathways to resistance for new agents should be identi- 
fied by selection of resistant virus in vitro, which should be 
characterized genotypically and phenotypically. When resis- 
tance mutations arise in target proteins (reverse transcritpase 
and protease) or protein complexes (gp120 and gp41) for 
which drugs are already approved, cross-resistance should be 
assessed. Cross-resistance is not necessarily reciprocal. For 
example, if virus X is resistant to drug A and shows cross- 
resistance to drug B, virus Y, which is resistant to drug B, may 
still be sensitive to drug A. The activity of approved drugs 
against virus resistant to the candidate agent and the activity of 
the candidate agent against virus resistant to approved drugs 
should be evaluated. 

Host Proteins 
Recently, there has been much interest in the develop- 

ment of agents targeting host cell proteins (eg, CCRS corecep 
tor). The antiviral activity of such agents should be established 
with all the common polymorphisms to ensure their efficacy. 
In addition, the agonisticlantagonistic effects on host cell func- 
tion should be determined. 

Animal Models and Surrogate Viruses 
Although studies of product activity in nonhuman pri- 

mate systems may also be performed, to date these studies 
have had limited utility in helping to decide which compounds 
should go forward into clinical  trial.^.'^.^^^^ The relevance of 
these models to the process of sexual HIV transmission in hu- 
mans is unknown, and the cost of doing studies that are large 
enough to provide statistically meaningful activity data may be 
prohibitive. However, the pigtailed macaque model may pro- 
vide a useful tool for vaginal safety studies (eg, assessment of 
irritation potential or effects on normal flora). The female 
genital tract in this species has many characteristics in com- 
mon with that in h u ~ n a n s . ~ ~ . ~ ~  Recently, murine models of HIV 
vaginal infection have been These models 
may prove useful in the future to test the activity of various 
microbicide formulations, but their utility for predicting clini- 
cally relevant antiviral activity has yet to be established. 

Genital Tract Interaction 
The normal vaginal environment has characteristics that 

help to keep it healthy, including a low pH that limits the rep- 
lication and spread of potential pathogens. Resident microor- 
ganisms, including H202-producing lactobacilli, are largely 
responsible for maintaining the acidic pH of the vagina, but 
these beneficial bacteria may be sensitive to the antimicrobial 
effects of the candidate microbicide. The presence of abnormal 
flora (eg, bacterial vaginosis) and reduced numbers of H202- 
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producing lactobacilli have been associated with an increased 
risk of HIV transmission. Given the importance of maintaining 
normal flora and pH, it is essential to determine the impact of 
the microbicide on H202-producing lactobacilli as part of the 
nonclinical development process.37 In addition to available in 
vitro assays, the pigtailed macaque, which has genital and rec- 
tal flora similar to that in humans, has been used to assess 
changes in normal rectal and vaginal flora following adminis- 
tration of various 

Effect on Other STls 
Many of the microbicide drug substances under devel- 

opment could influence the replication of other ST1 pathogens, 
in addition to HN. Although most nonclinical activity studies 
conducted on compounds directed against HIV will be focused 
on that virus, it is important to determine what effect a candi- 
date microbicide has upon other STIs (eg, inhibition or poten- 
tiation). Initial evaluations can be as simple as assessing the 
inhibitory concentration or growth potentiation effects in vitro 
against a panel of known pathogens38 such as Chlamydia tra- 
c h ~ r n a t i s , ~ ~ ~ ~  Neisseria gonorrhoeae,43 herpes simplex virus 
type 2 (HSV-~) : ' ,~~ ,~~ human papillomavirus (HPV), and or- 
ganisms associated with bacterial ~ a ~ i n o s i s . ~ ~ . ~ ~  More de- 
tailed studies that employ a variety of in vitro methods (eg, 
kinetics of inactivation at concentrations similar to the antici- 
pated use) and animal r n ~ d e l s ~ ~ ~ ~ ~ " ~  to assess activity should 
be considered when the drug product under development has 
broader-spectrum activity that may have clinical relevance. 
Murine models have been used to evaluate many potential mi- 
crobicidal compounds for inhibition of ST IS,'^^^^,^'"^ and a 
pigtailed macaque model has been developed to evaluate ac- 
tivity against C. trachoma ti^.^^.^^ Animal models can be used 
to compare the relative activity of various compounds against 
various STIs and to determine the duration of that activity. The 
models have also been useful in the evaluation of safety as it 
relates to susceptibility (eg, enhancement of HSV-2 infection). 

NONCLlNlCAL TOXICOLOGY 
AND PHARMACOKINETICS 

Before introduction of a new chemical entity to humans, 
safety information is derived mainly from results of nonclini- 
cal toxicology and pharmacokinetic studies. Nonclinical phar- 
macokinetic studies provide information on the absorption 
(and also the extent of systemic exposure), distribution, me- 
tabolism, and excretion profile of a drug. Several aspects of 
toxicology also need to be investigated to estimate the margin 
of safety, establish potential toxicological signal(s), determine 
whether the toxicological signal(s) can be monitored in the 
clinical trials, and provide information for risk assessment. 
They include general toxicology studies, safety pharmacology 
studies, genetic toxicology studies, reproductive toxicology 
studies, and carcinogenicity studies. Potential initation to the 
vagina and development of hypersensitivity or other types of 

imrnunotoxicity are particular to the topical microbicides and 
also should be monitored. Each of these areas will be discussed 
in this section. 

It should also be mentioned that some of the topical mi- 
crobicide candidates might come from already marketed prod- 
ucts designed for intravaginal administration. For these types 
of products, no further nonclinical animal testing for toxicity 
will be needed. However, when a marketed product is refor- 
mulated for vaginal use, some bridging studies will be needed 
to address the toxicities that may be relevant to the new route of 
administration. Although not strictly required, it is desirable 
that the materials used in the animal toxicology studies are 
manufactured in compliance with the Current Good Manufac- 
turing Practice (CGMP) requirements. It is also noteworthy 
that all pivotal nonclinical toxicology studies should use the 
product formulation that will be tested in clinical trials when- 
ever possible, and all nonclinical toxicology studies should be 
carried out according to Good Laboratory Practice require- 
ments. 

Pharmacokinetic Studies 
Quantification of the extent of drug substance absorp- 

tion after administration of the formulated product into the va- 
gina andlor rectum is essential in determining the strategy of 
nonclinical pharmacology/toxicology development. Pharma- 
cokinetic studies in animals should monitor levels of drug sub- 
stance in blood organs, and tissues that are relevant and critical 
and mass balance of administered-plus-recovered drug sub- 
stance. Before conducting the pharmacokinetic studies, appro- 
priate analytical methods of detection and quantification of the 
drug substance should be established. The absorption study is 
greatly facilitated if radiolabeled drug can be used and should 
use a volume and vehicle that assure complete spread through- 
out the vagina. The distribution and excretion pattern and 
metabolic profile of the drug formulation should also be inves- 
tigated. If metabolites are formed, it is important to develop 
assays for their detection. The extent of metabolite absorption 
and systemic toxicity via the vagina should also be determined. 
The study should use the same formulation that will be used in 
clinical trials, whenever possible. The results of these investi- 
gations will be pivotal in determining which toxicology studies 
should be performed. 

General Toxicology Studies 
Nonclinical general toxicology studies are designed to 

characterize the toxicological profile of a drug by monitoring 
its effects on general health and behavior, weight changes, 
food consumption, hematology, serum chemistry, urinalysis 
parameters, and tissues and organs macroscopically and mi- 
croscopically. These studies are generally conducted in a ro- 
dent and a nonrodent species, with the duration of the study 
and the frequency of dosing equal to or exceeding those of the 
human clinical trials.57 The doses studied should include one 
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that induces no adverse effects, a dose that induces frank tox- 
icity (a maximum tolerated dose), and an intermediate dose. 
The route of administration should normally be the same as 
that used in the clinical trials (ie, vaginal). However, the for- 
mulation and route of administration may limit the amount of 
systemic drug exposure so that achieving the maximum toler- 
ated dose is not technically feasible. In such cases, alternative 
routes (ie, oral or parenteral) using drug substance may be war- 
ranted especially when systemic absorption in humans cannot 
be ruled out. If the drug substance is considered non toxic, the 
high dose for the subsequent toxicology studies can be a maxi- 
mum feasible dose. The responsible regulatory agencies 
should be consulted early in the drug development program 
regarding the appropriate study design to explore the possible 
systemic toxicity profile of the drug. Plasma drug levels are 
usually monitored in these studies to determine the extent of 
systemic absorption afier repeated drug exposure. With these 
data, a margin of safety for the drug product can be extrapo- 
lated from animal to human. In addition, the potential for cu- 
mulative adverse effects that may occur afier repeated admin- 
istration of the drug product is also explored. Sometimes, a 
recovery group may be incorporated into the study to deter- 
mine the reversibility of an observed toxicity. Evaluation of 
immature red blood cells from the bone marrow for the pres- 
ence of micronuclei may be included to monitor for potential 
genetic toxicity in the short-term studies. Long-term repeat 
dose toxicology studies where drug products are administered 
via vagina may not be required if the systemic toxicity profile 
of the drug substance is well understood. 

Normally, the sequence of required general toxicology 
studies includes acute (dosing for a single day) studies fol- 
lowed by short-term (I4 days to 3 months);860 subchronic (6 
to 9 months), and chronic (2 years as in carcinogenicity stud- 
ies) evaluation. In the acute toxicology studies, the drug sub- 
stance is administered to animals via the oral or parenteral 
route. They are designed to provide a general impression of the 
toxicity of the tested substance, to define the dose at which 
toxicity becomes life threatening, and to identify the corre- 
sponding dose at which no adverse effects are noticed, when 
the chemical is administered systemically to animals. Drug 
products are usually used in all other general toxicity studies. 

Genetic Toxicology Studies 
The mutagenic potential of a pharmaceutical should be 

evaluated early in the vaginal microbicide development pro- 
cess using the standard ICH-recommended battery of t e s t ~ . ~ '  
They are as follows: (1) a test for gene mutation in bacteria; (2) 
an in vitro test with cytogenetic evaluation of chromosomal 
damage with mammalian cells or an in vitro mouse lymphoma 
tk assay; and (3) an in vivo test for chromosomal damage using 
rodent hematopoietic cells. The Ames Salmonella test and the 
in vitro mammalian gene mutation assays should be conducted - before the first clinical trial. These in vitro tests are rapid and 

inexpensive, and the recommended study design and cell 
strains can be found in the ICH guidance.62 An in vivo micro- 
nucleus test may be conducted during phase 1 clinical trials as 
a discrete study or as a component of the short-term general 
toxicology study where drug exposure in bone marrow is sub- 
stantial. 

Vaginal Irritation 
A screening study for vaginal imtation (usually in rab- 

bits) can be used to determine the vaginal imtation potential of 
a drug substance before extensive and expensive formulation 
development and animal model efficacy studies. Effects on 
vaginal tissues should be evaluated at several dose levels. If 
imtation is evident at dose levels near those targeted for clini- 
cal studies, further development should be reconsidered. Of 
much more critical importance, however, is the determination 
of the potential vaginal imtation produced by the formulated 
drug products. This is necessary not only for new products but 
also for products that are newly formulated or for common 
formulations that have undergone major modifications. The 
clinical formulation should be studied to establish that it does 
not cause imtation at concentrations targeted for clinical stud- 
ies. A standard 10-day intravaginal administration in rabbits is 
recommended. The positive and vehicle controls should be 
used concomitantly in the study. Vaginas should be evaluated 
both macroscopically and microscopically for signs of imta- 
tion, inflammation, and ulceration. The scoring system usually 
follows that described by Eckstein et al.63 Recently, the pig- 
tailed macaque (Macaca nemestrina) has also been used to 
study the potential of a topical microbicide formulation to 
cause vaginal imtation and its effects on the vaginal micro- 
flora.33 The results from such studies can be used to supple- 
ment those from the rabbit vaginal imtation study. 

Safety Pharmacology Studies 
For a topical microbicide candidate that has been shown 

to be absorbed systemically, the effects ofthe drug on the func- 
tions of the vital organs and systems at or above therapeutic 
exposure need to be assessed before introduction to humans. A 
core battery of safetypharmacology studies is recommended 
by the ICH S7A guidance64 to evaluate the drug effects on 
central nervous system, cardiovascular system, and respiratory 
system functions. If there are effects to other organ systems 
that are indicated by the results from the general toxicology 
studies, other safety pharmacology studies designed to further 
investigate the mechanism ofaction ofthe toxic effects may be 
necessary. 

Reproductive Toxicology Studies 
Because microbicides will be used by women of child- 

bearing age, the effect of the product on reproductive health 
and developing embryolfetuses needs to be determined. The 
contraceptive potential of a microbicide candidate (ie, toxicity 
to the human sperm) should be studied. This may be evaluated 
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using any in vitro protocol that studies a range of concentra- 
tions, including and exceeding that exhibiting in vitro anti- 
HIV activity. 

The designs for reproductive toxicology studies have 
been agreed upon internationally.65d7 However, the timing of 
performance of each study may vary according to the require- 
ments of the regulatory agency in each country. A segment I 
reproductive toxicology study to evaluate the potential toxicity 
to fertility and early embryonic development should be con- 
ducted in one species, usually rats. Reproductive toxicology 
studies to assess embryo-fetus development (segment 11) 
should be conducted in a rodent and a nonrodent species, usu- 
ally rats and rabbits. If the clinical route of administration does 
not allow a sufficient amount of the drug to be delivered to 
induce maternal toxicity, intravaginal administration can be 
used in one of the segment I1 reproductive toxicology studies, 
while the other study should employ an alternative (oral or par- 
enteral) route of administration. Because the microbicides are 
expected to be administered intravaginally, with close proxim- 
ity to the developing embryo and possible migration to other 
reproductive organs/tissues, it is prudent that the segment I and 
segment I1 reproductive toxicology studies be conducted as 
early in the drug development as possible, preferably before 
human exposure. The study to evaluate the effects of the drug 
on pen- and postnatal development (segment 111) is conducted 
in a rodent species, usually rats, during phase 3 clinical trials. 

Hypersensitivity and Other Safety Studies 
Cutaneous immunogenicity can be studied to detect the 

potential of a microbicide to produce an immunogenic re- 
sponse with repeated administration to a cutaneous surface.68 
This test has the ability to detect the potential for producing 
vaginal imtation by mechanisms that may be different from 
those operating in the standard vaginal imtation model. The 
local lymph node assay in mice may be conducted in lieu of the 
more traditional guinea pig sensitization assay. 

Carcinogenicity Studies 
Since microbicides are expected to be used chronically, 

their carcinogenicity potential needs to be evaluated69 and 
completed before market approval. This is usually done by 
dosing rats and mice for 2 years to determine if there is an 
evidence of tumorigenic effects. The route of administration is 
usually similar to that used for humans (ie, intravaginal appli- 
cation). In lieu of the traditional 2-year carcinogenicity study 
in mice, a short-term (usually 6 month in duration) alternative 
carcinogenicity assay can be employed. The most appropriate 
alternative assay for topical microbicides is probably the 
Tg.AC transgenic mouse model because it is expected that 
these types of products will be formulated for topical applica- 
tion and should be n ~ n ~ e n o t o x i c . ~ ~  The high dose to be evalu- 
ated is selected based on one of the following criteria: the tox- 
icity end points (the maximum tolerated dose derived from 

3-month general toxicity studies), pharmacokinetic end points 
(25-fold over human systemic exposure), saturation of absorp- 
tion, maximum feasible dose, pharmacodynamic end points, 
and limit dose.71772 The carcinogenicity studies are usually 
conducted during phase 3 clinical trials, and the results need to 
be assessed for marketing approval of a pharmaceutical. 

Numerous other nonclinical toxicology studies may be 
required before marketing approval, but these tests may be 
conducted while the compound is in clinical trials. In addition, 
studies of the imtation to rectal and buccal mucosa and penile 
irritation studies should be considered. In addition, photosen- 
sitization testing may be required if a drug or its metabolites 
are photosensitive and absorbed systemically. If the microbi- 
cide is poorly absorbed andlor highly bioadhesive, penile ab- 
sorption studies may be requested. Other studies may be nec- 
essary depending on the completeness of the toxicology data- 
base and the toxicity profile of the drug 

PRODUCT QUALITY CONSIDERATIONS 
Microbicide products for vaginal use should meet the 

standard chemistry, manufacturing, and controls expectations 
in terms of their proper identification, quality, purity, and 
strength to assure the safety of the human subjects participat- 
ing in clinical trials. These expectations apply to all aspects of 
the drug substance and the drug product manufacture (ie, syn- 
thesis or isolation, characterization, and purification, etc, of the 
drug substance as well as the composition, manufacturing pro- 
cess, in-process controls, packaging, stability, and specifica- 
tion, etc, of the drug product to assure its quality and reproduc- 
ibility). In addition, microbicide products, as other pharmaceu- 
ticals, must be manufactured in compliance with CGMP 
requirements. Although the collection of information begins 
early in the drug development, when the drug substance is de- 
fined and characterized, many aspects of a manufacturing pro- 
cess of an investigational drug may be incomplete. Changes 
and improvements in synthetidmanufacturing processes, for- 
mulations, analytical methods, and specifications may take 
place as the drug development progresses to advanced phases 
of clinical studies. Subsequently, at the phase 3 stage, these 
aspects of the drug substance and the drug product manufac- 
ture should be finalized and be identical to those intended for 
the marketed product. Product for phase 3 trials should be ad- 
equately characterized to assure its sameness to the proposed 
commercial product (refer to all pertinent ICH guidances on 
quality). 

Formulation Considerations 
A major consideration in the development of a success- 

ful microbicide drug product is the design of a dosage form that 
would deliver a drug substance in a safe, effective, and consis- 
tent manner. In addition, the optimal microbicide vaginal for- 
mulation should have some important functional attributes, 
which would assist with product utility and user compliance.73 
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These attributes include prolonged retention and suitable dis- 
tribution (formulation deployment74) in the vaginal tract, lack 
of toxicity and imtation, adequate dosage and volume of the 
formulation for the proposed dosing frequency, and compat- 
ibility with bamer contraceptives. An optimal vaginal drug 
product should not disrupt or sensitize the vaginal epithelium 
and should not enhance or support the growth of the specific 
pathogens (ie, Candida albicans, Escherichia coli, Pseudomo- 
nas aeruginosa, or Staphylococcus auras).  Each of these at- 
tributes can be influenced by the physical properties of the 
vaginal drug product, such as solubility in various pH environ- 
ments, viscosity, stability, and so on.75*76 The release rate may 
be directly related to the solubility, hygroscopicity or solid- 
state form of the drug substance. Deployment of the drug prod- 
uct in the vagina depends on the rheological characteristics 
(eg, viscosity, elasticity, yield stress, etc) and adhesion of the 
vehicle.74 

Properties and attributes affecting the performance of a 
microbicide drug product should be carefully investigated in 
the formulation studies, where the composition of the vehicle 
containing inactive ingredients (such as oil, water, surfactants, 
preservatives, emulsifying and viscosity modifying agents, 
etc) is established. Attributes such as distribution and optimal 
volume have recently been under intensive scientific investi- 
gation. However, only limited data are available. Recently, 
new imaging techniques have been developed and are being 
studied as potential tools to measure these attributes and to 
design the optimal vaginal f o r m u l a t i ~ n . ~ ~ - ~ ~  Formulation 
studies are also important, because they help in the subsequent 
establishment of a drug product specification (tests, accep- 
tance criteria, and analytical procedures). 

Tests for Vaginal Drug Products 
Dosage forms used for vaginal administration include 

gels, creams, ointments, foams, suppositories, inserts, filled 
capsules, films, sponges, etc. The specification for the vaginal 
drug product should include standard attributes such as appear- 
ance, identity, impurities profile, content uniformity, homoge- 
neity assurance, and assay for the content of the drug sub- 
stance." If the drug substance is a polymer, an appropriate 
analytical procedure (eg, size-exclusion chromatography) 
should be developed to control its content and molecular 
weight distribution and monitor changes. Depending on the 
dosage form, the additional tests for vaginal drug products may 
include viscosity, pH, particle size, dissolution or melting rate, 
release.rate (for controlled-release products), and microbial 
limits. Although vaginal microbicide products should have a 
limited bioburden, they are generally not sterile. However, if 
the manufacture of the vaginal microbicide product includes 
sterilization, sterility and endotoxin tests should be included in 
the final drug product specification. For the nonsterile prod- 
ucts, microbial limits should be established to assure the ab- 
sence of specific objectionable microorganisms, and of major 

importance, testing should be conducted to assure that the 
product does not support microbial growth. If the product 
does support microbial growth, it should be reformulated 
and retested using a minimum amount of an appropriate pre- 
servative. 

In vitro release testing has been shown to be effective in 
assessing the product quality and performance over time for 
certain semisolid dosage forms (eg, creams).82. However, in 
vitro release testing should not be used as a surrogate test for in 
vivo bioavailability or bioequivalence. It is also not appropri- 
ate for comparing different semisolid formulations or for com- 
paring similar formulations across manufacturers. 

Vaginal microbicides may be used jointly with other 
methods to prevent HIV and ST1 transmission (eg, condoms). 
They may also be employed with other bamer contraceptives. 
Therefore, it is recommended that the microbicide formulation 
be evaluated for compatibility with physical barriers such as 
condoms and diaphragms. 

Stability 
The stability profile for the drug substance and the drug 

product should be obtained under long-term and accelerated 
storage conditions, using analytical methods capable of detect- 
ing physical changes and chemical degradation (ie, the analyti- 
cal procedure should be stability indicating). Initial studies 
should assure the stability of the drug substance and the drug 
product for the duration of the proposed clinical trials. Further 
studies should be performed to support a proposed expiry dat- 
ing for the commercial product.83 

Interaction With Genital pH 
The site of application of a microbicidal product should 

be taken into consideration. The pH of the healthy female geni- 
tal tract is acidic (pH 3 . 5 ~ . 5 ) . ' ~  Conversely, the male ejacu- 
late is slightly alkaline with a pH of about 7.5.85 Thus, the 
microbicide candidate must be stable over a wide range of pH. 
In addition, it should not have a negative impact on the acidic 
pH of the female genital t r a ~ t . ' ~ . " , ~ ~  

CONCLUSIONS 
Since the first set of recommendations was published in 

1996, significant progress has been made in understanding the 
basic science of HIV transmission. This work has important 
ramifications for the nonclinical development of microbicides 
and is reflected in the revised recommendations discussed 
herein. Under the updated paradigm, there is a greater empha- 
sis on testing the activity of potential microbicides against a 
wide range of virus types and cell targets in assay systems that 
reflect the many variables inherent in the process of transmis- 
sion. The potential risks of local effects have also become 
clearer, in terms of both the effect of the local environment on 
the activity of a microbicide and the impact of the microbicide 
on the local environment. Finally, the value of early, well- 
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integrated formulation research has been recognized and in- 
corporated into the recommended development process. Al- 
though it is not possible to give a categorical schema for all 
products, a general summary of the studies recommended in 
the nonclinical development of a microbicide candidate is pre- 
sented in Table 1. 

The view of the IWGM is that the highest priority needs 
to be placed on developing a microbicide to prevent or reduce 
vaginal transmission of HIV in the absence of unacceptable 
side effects. Consequently, although broad-spectrum activity 
against other ST1 pathogens is considered to be a desirable fea- 

ture, it is not an obligatory one. Similarly, the ability to be 
formulated for use rectally is desirable, but it is not a require- 
ment. Although the characteristics that are defined as "desir- 
able" (Table 2) may not be required, the cost of large-scale 
clinical trials is substantial, and opportunities for large-scale 
HIVISTI prevention studies are limited. Therefore, the highest 
priority for clinical development should be given to those 
products that meet all "essential" criteria and also have many 
of the characteristics that are defined as "desirable," which in- 
clude low or no systemic absorption, activity in cell culture and 
animal model systems against HIV andlor other ST1 patho- 

~ ~ - -  

TABLE 1. Summary of Recommended Studies 

Recommended Studies Purpose 

Screening assays for anti-HIV activity and cytotoxicity using 
virus-isolates that utilize both CXCR4 and CCRS wreceptors for 

. entry 
Testing in broad range of cell types and virus isolates using several 

concentrations (including clinical virus isolates derived from 
lower reproductive tract) 

Indepth activity studies with active ingredient(s) under different 
conditions, including assessment of activity in the presence of 
semen andlor vaginal secretions and at different pHs, effects of 
differing infectious dose, timing of treatment effects and duration 
of activity; also, testing of excipients for potential enhancement of 
HIV infection 

Mechanism of action studies in various model systems (in vitro) 

Resistancelcross-resistance analyses 

In vitro assays and pigtailed macaque model 
In vitro assays to establish inhibitory concentration against known 

STI-causing pathogens, especially for product with potential broad 
spectrum activity or potential for potentiation of other STIs 

In vitro spermicidal activity 
10-Day vaginal initation studies in rabbits 
Irnmunotoxiwlogy studies 
ICH-recommended standard battery for genetic toxicology testing of 

pharmaceuticals 
Pharmawkinetic studies 

General toxicology studies of various duration and safety 
pharmacology studies (if absorbed systemically) 

Reproductive toxicology (segments I, 11, and 111) studies 

Carcinogenicity studies 
Formulation studies 

Chemistry, manufacturing, and controls studies 

Condom compatibility studies 

Identify potentially useful compounds 

Define doselresponse relationship, including cell-free and 
cell-associated virus, and therapeutic index 

Estimate activity under conditions likely to be encountered in vivo 

Investigate specific antiviral activityleffects: eg, acting as an 
attachment/coreceptorlfusion blocker, HIV replication inhibitor, 
virucide, or virustatic agent 

Characterize genotypiclphenotypic resistance pathways and 
cross-resistance to approved drugs 

Identify potential adverse effects on normal vaginal flora and pH 
Detect activity againstlenhancement of known STI-causing 

pathogens 

Identify potential contraceptive activity 
Detect potential vaginal irritant 
Identify potential sensitizer andlor irnmunotoxic agent 
Identify potential genotoxic agent 

Detect systemic absorption and characterize absorption, distribution, 
metabolism, and excretion profile 

Estimate margin of safety, identify potential toxicological signals, 
determine if toxicity can be monitored in clinical trials 

Identify potential adverse effects on the developing fetuses, 
newborns, and other reproductive health aspects 

Detect tumorigenic potential 
Select dosage form suitable for vaginal application (adequate dose 

volume, retention, distribution, and other important attributes) 
Assure adequate quality of the drug substance and drug product 

(identity, strength, purity, and stability) 
Ensure no adverse effects on condom integrity (under various - ~. 

conditions simulated to mimic real-life usage) 
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TABLE 2. Summary of the Essential and Desirable 
Characteristics for a Topical Microbicide 

Essential characteristic 
High level of in vitro activity, in the presence of semen, against 

cell-free and cell-associated HIV-I, and multiple HIV-I 
strainslsubtypes 

Low cytotoxicity in vitro 
No or low activity against vaginal lactobacilli in vitro and no 

effect on vaginal pH 
No or low irritation to vagina and nonimmunotoxic 
Nongenotoxic 
No low systemic toxicity 
No adverse effects on reproductive health in animals 
Noncarcinogenic 
Formulation suitable for vaginal application in an effective, 

appealing, and efficient delivery system 
Stable under the conditions likely to be encountered 
Compatible with condoms and other physical barrier methods 

Desirable characteristics 
No or low systemic absorption in animal studies* 
Active in animal model systems 
High genetic threshold to the development of resistance 
Active against other ST1 pathogens in vitro andlor in animal 

models 
Acceptable color, odor, consistency, and taste 
Good potential for industrial production at an economic cost 
Easy to use 
Possible for rectal application 

*Although systemic absorption does not rule out use of a compound as a 
microbicide, it does make nonclinical development more complicated. 

gens, high genetic threshold to the development of resistance, 
good potential for industrial production at low cost, acceptable 
appearance, odor, consistency, taste, ease of use, and possible 
rectal application (Table 2). It should be emphasized that even 
if a candidate microbicide fails to meet some of the listed es- 
sential and desirable characteristics, it does not necessarily 
mean that its development should be discouraged. For ex- 
ample, if a microbicide has activity against vaginal lactobacilli 
in vitro but possesses other properties that make it a good can- 
didate, its development may be continued. However, data 
evaluating potential negative effects on the normal flora in the 
clinical trials should be collected. Similarly, irritation to the 
rabbit vagina or a high cytotoxic score in vitro may not by itself 
be a signal to stop development of a particular topical micro- 
bicide candidate because their clinical relevance has not been 
proven. However, it should be reiterated that given the cost and 
the limited opportunity of large-scale clinical trials, it is pru- 
dent to choose the candidate for development carefully. 

The information presented in this article is intended to 
..t provide general guidance on nonclinical studies that should be 

conducted to characterize the activity and toxicity of candidate 
microbicides and to provide supporting data for the initiation 
of clinical trials. A thorough nonclinical development program 
is a critical aspect of any microbicide development plan and 
can be a central contributor to a rapid and successful product 
development. 

ACKNOWLEDGMENTS 
The authors thank Drs. Debra Bimkrant, Jim Farrelly, 

Norman Schrnuff, and Teresa Wu of the U.S. Food and Drug 
Administration for comments and helpful discussions. 

The following are members of the IWGM: Consuelo 
Beck-Sague, Centers for Disease Control and Prevention. At- 
lanta, GA, USA; Laurent Belec, Hopital European, Paris, 
France; Beverly Bell, Family Health International, Research 
Triangle Park, NC, USA; Debra Bimkrant, U.S. Food and 
Drug Administration, Rockville, MD, USA; Roberta Black, 
National Institutes of Health, Bethesda, MD, USA; Ward 
Cates, Family Health International, Research Triangle Park, 
NC, USA; Lee Claypool, U.S. Agency for International De- 
velopment, Washington, D.C., USA; Daniel Davis, U.S. Food 
and Drug Administration, Rockville, MD, USA; Carolyn Deal, 
National Institutes of Health, Bethesda, MD, USA; Anne De- 
grand-Guillaud, European Commission, Brussels, Belgium; 
Ann Duerr, Centers for Disease Control and Prevention, At- 
lanta, GA, USA; Timothy Farley, World Health Organization, 
Geneva, Switzerland; Lieve Fransen, European Commission, 
Brussels, Belgium; Henry Gabelnick, CONRAD Programme, 
Arlington, VA, USA; Catherine Hankins, UNAIDS, Geneva, 
Switzerland; Polly Harrison, Alliance for Microbicide Devel- 
opment, Silver Spring, MD, USA; Gerald Jennings, U.S. 
Agency for International Development, Washington, D.C., 
USA; Vicky Jespers, Institute of Tropical Medicine, Antwerp, 
Belgium; Charles Lacey, Imperial College School of Medi- 
cine, London, UK; Isaac Malonza, World Health Organiza- 
tion, Geneva, Switzerland; Christine Mauck, CONRAD Pro- 
gramme, Arlington, VA, USA; Charlotte Faty Ndiaye, 
SWAA, Dakar, Senegal; Andrew Nunn, Medical Research 
Council, London, UK,Lynn Paxton, Centers for Disease Con- 
trol and Prevention, Atlanta, GA, USA; Gita Ramjee, Medical 
Research Council HIV Prevention Research Unit; Durban, 
South Africa; Patricia Reichelderfer, National Institutes of 
Health, Bethesda, MD, USA; Zeda Rosenberg, International 
Partnership for Microbicides, Silver Spring, MD, USA; N.M. 
Samuel, AIDS Society of India, Chennai, India; Jeffrey 
Spieler, U.S. Agency for International Development, Wash- 
ington, D.C., USA; Alan Stone (Chairman), Medical Research 
Consultant, London, UK, Janet Vail, Program for Appropriate 
Technology in Health, Seattle, WA, USA; Lut Van Darnme, 
CONRAD Programme, Arlington, VA, USA; Fulvia 
Veronese, National Institutes of Health, Bethesda, MD, USA; 
Janneke van de Wijgert, Population Council, New York, NY, 
USA. 

0 2004 Lippincolt Williams & Wilkins 



Acquir Immune Defic Syndr Volume 36, Number 1, May 1 2004 Nonclinical Microbicide Development 

REFERENCES 

The global H N  and AIDS epidemic, 2001. MMWR Morb Mortal CYkly 
Rep. 2001;50:434439. 
Centers for Disease Control and Prevention. The global HIV and AIDS 
epidemic. JAMA. 2001;285:308 1-3083. 
Hoffer KM, Robles G. Microbicides: prevention tool of the future. Posit 
Aware. 2002;13:5&57. 
Stone AB. Microbicides': a new approach to preventing H N  and other 
sexually transmitted infections. Nut Rev Drug Discov. 2002; 1:977-985. 
Recommendations for the development of vaginal microbicides. Intema- 
tional Working Group on Vaginal Microbicides. AIDS. 1996; 10: 1-6. 
Mauck C, Rosenberg Z, Van Damme L. Recommendations for the clinical 
development of topical microbicides: an update. AIDS. 200 1; 15:857-868. 
Microbicides 2000 conference proceedings. March 13-16, 2000, Wash- 
ington, DC. AIDS. 200 1; 1 S(supp1 I): 1-88. 
Rice WG, Bader JP. Discovery and in vitro development of AIDS antivi- 
ral drugs as biopharmaceuticals. Adv Pharmacol. 1995;33:389-438. 
Scientific considerations for the regulation and clinical evaluation of 
HN/AIDS preventive vaccines: report from a WHO-UNAIDS Consulta- 
tion. 13-15 March, 2001. Geneva, Switzerland. AIDS. 2002;16: 
W15-W25. 
Castle PE, K q  DA, Zeitlin L, et al. Human monoclonal antibody stabi- 
ity and activity at vaginal pH. J Reprod Immunol. 2002;56:61-76. 
OLmsted SS, Padgett JL, Yudin AI, et al. Diffision ofmacromolecules and 
virus-like particles in human cervical mucus. Biophys J. 2001;8 1: 193& 
1937. 
Maguire RA, Bergman N, Phillips DM. Comparison of microbicides for 
efficacy in protectng mice against vaginal challenge with herpes simplex 
virus type 2, cytotoxicity, antibacterial properties, and sperm immobili- 
zation.-& ~ r & n  ~is.2001;28:259-265. - 

Balzarini J, Naesens L, Verbeken E, et al. Preclinical studies on thiocar- 
boxanilide UC-781 as a virucidal agent. AIDS. 1998;12: 1129-1 138. 
Jiang S, Lin K, Zhang L, et al. A screening assay for antiviral compounds 
targeted to the HN-I @I wre structure using a conformation-specific 
monoclonal antibody. J Yirol Methods. 1999;80:85-96. 
Ongradi J, Ceccherini-Nelli L, Pistello M, et al. Acid sensitivity of cell- 
free and cell-associated HN-I: clinical implications. AIDS Res Hum Ret- 
roviruses. 1990;6: 1433-1436. 
Neurath AR, StrickN, Li YY, et al. Cellulose acetate phthalate, a common 
pharmaceutical excipient, inactivates HW-1 and blocks the coreceptor 
biding site on the virus envelope glycopmtein gp120. BMC Infect Dis. 
2001;1:17. 
Mori T, Boyd MR, Cyanovirin N. A potent human immunodeficiency 
virus-inactivating protein, blocks both CD4-dependent and CD4- 
independent binding of soluble gp120 (sgpl20) to target cells, inhibits 
sCD4-induced binding of sgpl2O to cell-associated CXCR4, and dissoci- 
ates bound sgpl20 from target cells. Antimicrob Agents Chemother. 2001 ; 
45:664-672. 
Bestman-Smith J, Piret J, Desormeaux A, et al. Sodium lauryl sulfate ab- 
rogates human immunodeficiency virus infectivity by affecting viral at- 
tachment. Antimicrob Agents Chemother. 2001;45:2229-2237. 
Krebs FC, Miller SR, Malamud D, et al. Inactivation of human immuno- 
deficiency virus type 1 by nonoxynol-9, C3 IG, or an alkyl sulfate, sodium 
dodecyl sulfate. Antiviral Res. 1999;43:157-173. 
Krebs FC, Miller SR, Catalone BJ, et al. Comparative in vitro sensitivities 
of human immune cell lines, vaginal and cervical epithelial cell lines, and 
primary cells to candidate microbicides nonoxynol9, C3 IG, and sodium 
dodecyl sulfate. Antimicrob Agents Chemother. 2002;46:2292-2298. 
Piret J, Lamontagne J, Bestman-Smith J, et al. In vitro and in vivo evalu- 
ations of sodium lauryl sulfate and dextran sulfate as microbicides against 
herpes simplex and human immunodeficiency viruses. J CIin Microbial. 
2000;38:11&119. 
Krebs FC, Miller SR, Catalone BJ, et al. Sodium dodecyl sulfate and 
C3 IG as microbicidal alternatives to nonoxynol9: comparative sensitiv- 
ity of primary human vaginal keratinocytes. Antimicrob Agents Che- 
mother. 2000;44:1954-1960. 
Kawamura T, Cohen SS, Bonis DL, et al. Candidate microbicides block 
HN-I infection of human immature Langerhans cells within epithelial 
tissue explants. J Exp Med. 2000; 192: 1491 -1500. 

Gupta P, Collins KB, Ratner D, et al. Memory CD4(+) T cells are the 
earliest detectable human immunodeficiency virus type 1 (HIV-1)- 
infected cells in the female genital mucosal tissue during HN-I transmis- 
sion in an organ culture system. J Virol. 2002;76:9868-9876. 
Greenhead P, Hayes P, Watts PS, et al. Parameters of human immunode- 
ficiency virus infection of human cervical tissue and inhibition by vaginal 
virucides. J Yirol. 2000;74:5577-5586. 
Pauwels R, De Clercq E. Development of vaginal microbicides for the 
prevention of heterosexual transmission of HIV. J Acquir Immune Defic 
S p d r  Hum Retrovirol. 1996; 1 1 :211-22 1. 
Piret J, Desormeaux A, Bergemn MG. Sodium lauryl sulfate, a micmbi- 
cide effective against enveloped and nonenveloped viruses. Curr Drug 
Targets. 2002;3: 17-30. 
Piguet V, Blauvelt A. Essential roles for dendritic cells in the pathogeneis 
and potential treatmentofHN disease. JInvestDermatol. 2002;119:365- 
369. 
O'Connor TJ, Kinchington D, Kangro HO, et al. The activity of candidate 
virucidal agents, low pH and genital secretions against HN-I in vitro. Int 
JSTD AIDS. 1995;6:267-272. 
Weber J, Nunn A, O'Connor T, et al. 'Chemical condoms' for the preven- 
tion of HW infection: evaluation of novel agents against SHN(89.6PD) 
in vitro and in vivo. AIDS. 2001; 15: 1563-1568. 
Tevi-Benissan C, Makuva M, Morelli A, et al. Protection of cynomolgus 
macaque against cerviwvaginal transmission of SNmac25l by the sper- 
micide benzalkonium chloride. J Acquir Immune Defic Syndr. 2000;24: 
147-153. 
Manson KH, Wyand MS, Miller C, et al. Effect of a cellulose acetate 
phthalate topical cream on vaginal transmission of simian immunodefi- 
ciency virus in rhesus monkeys. Antimicrob Agents Chemother. 2000;44: 
3199-3202. 
Patton DL, Kidder GG, Sweeney YC, et al. Effects of multiple applica- 
tions of benzalkonium chloride and nonoxynol9 on the vaginal epithe- 
lium in the pigtailed macaque (Macaca nemesfrina). Am J Obstet Gyne- 
col. 1999;180:108&1087. 
Patton DL, Cosgrove-Sweeney YT, Rabe LK, et al. The pigtailed ma- 
caque rectal model: microflora and chlamydia1 infection. Sex Transm Dis. 
2001;28:363-366. 
Kish TM. Budgeon LR, Welsh PA, et al. Immunolonical characterization 
of human- vaginal xenografts in im&unocompromised mice: development 
of a small animal model for the studv of human immunodeficiencv virus- l 
infection. Am J Pathol. 2001; 159:i331-2345. 
Di Fabio S, Giannini G, Lapenta C, et al. Vaginal transmission of HN-I 
in hu-SCID mice: a new model for the evaluation of vaginal microbicides. 
AIDS. 2001;15:2231-2238. 
Rosenstein IJ, Stafford MK, Kitchen VS, et al. Effect on normal vaginal 
flora of three intravaginal microbicidal agents potentially active against 
human immunodeficiency virus type 1. J Infect Dis. l998;177: 1386- 
1390. 
Thormar H, Bergsson G, Gunnarsson E, et al. Hydrogels containing 
monocaprin have potent microbicidal activities against sexually transmit- 
ted viruses and bacteria in vitro. Sex Transm Infect. 1999;75:181-185. 
Lampe MF, Ballweber LM, lsaacs CE, et al. Killing of Chlamydia tra- 
chomatis by novel antimicrobial lipids adapted from compounds in hu- 
man breast milk. Antimicrob Agents Chemother. 1998;42: 1239-1 244. 
Belec L, Tevi-Benissan C, Bianchi A, et al. In vitro inactivation of Chla- 
mydia trachomatis and of apanel of DNA(HSV-2, CMV, adenovirus, BK 
virus) and RNA (RSV, enterovirus) viruses by the spermicide benzalko- 
nium chloride. JAntimicrob Chemother. 2000;46:685493. 
Pang M, Wagar EA, Lehrer RI. Examination of Chlamydia trachomatis 
infection in environments mimicking normal and abnormal vaginal pH. 
Sex Transm Dis. 2002;29:514-519. 
Ballweber LM, Japes JE, Stamm WE, et al. In vitro microbicidal activi- 
ties of cecropin peptides D2A2 I and D4EI and gel formulations contain- 
ing 0.1 to 2% D2A21 against Chlamydia. Antimicrob Agents Chemother. 
2002;46:34-41. 
Qu XD, Hanvig SS, Shafer WM, et al. Pmtegrin structure and activity 
against Neisseria gonorrhoeae. Infect Immun. 1997;65:63&639. 
Bourne N, Stanbeny LR, Kern ER, et al. Dendrimers, a new class of can- 
didate topical microbicides with activity against herpes simplex virus in- 
fection. Antimicrob Agents Chemother. 2000;44;2471-2474. 

O 2004 Lippincott Williams & Wilkins 




